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Over Expanded Limited-Temperature Cycle Two-Stroke Engines 



BACKGROUND OF THE INVENTION 

FIELD OF THE INVENTION 

The present invention relates to internal combustion engines and, more particularly, to a 
5 two-stroke, over expanded compression ignition (CI) engine cycle designed to directly lower the 
temperature of combustion in order to reduce NOx fomiation. In addition to reducing 
combustion temperatures, the cycle extends/prolongs the period during the cycle that combustion 
occurs allowing for more complete burning of the fuel charge, which also reduces CO and HC 
emissions. 

10 BACKGROUND OF THE PRIOR ART 

In the quest to develop a better internal combustion engine, satisfying emissions 
requirements is paramount. Potential gains in power and/or efBciency are immaterial, unless a 
new engine design is able to meet such requirements in a commercially feasible way. Of the 
three primary noxious emissions (NOx, CO and HC), developing ways to reduce nitrogen oxide 

15 (NOx) emissions is perhaps the most vexing. Moreover, xmder current engine operating cycles, 
potential solutions that address NOx emissions tend to exacerbate carbon monoxide (CO) and 
hydrocarbon (HC) emissions. 

NOx formation during combustion is caused by high combustion temperature. Exhaust 
gas recirculation (EGR) is used in virtually all commercial automobile intemal combustion 

20 engines in order to reduce combustion temperature so as to reduce NOx emissions. Similarly, 
homogeneous charge compression ignition (HCCI) technology, which is gamering increasing 
attention as a potential means to control NOx emissions, relies on autoignition of a homogeneous 
lean charge, which results in a uniform temperature distribution following combustion without 
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significant temperature gradient, thereby reducing the overall maximum combustion 
temperature. The level of NOx produced during combustion can be controlled by limiting 
combustion temperature to a selected temperature below which NOx does not form in 
unacceptable levels. 

5 In traditional diesel engines, the high temperature of the early bumed fuel-air mixture is 

the primary culprit in NOx formation. More specifically, combustion is initiated by injecting 
fuel into compressed air and the temperature rises due to the burning of the fuel. Importantly, 
the combustion of the fuel results in expansion of the burning gases thereby causing a rapid 
increase in pressure. This rapid increase in pressure following combustion causes an additional 
10 increase in temperature of the already bumed gas. The cimiulative increase in temperature that 
results from the burning of the fuel-air mixture, plus the additional increase caused by the post- 
burning compression, is referred to herein as the "post-combustion temperature." In a traditional 
diesel engine, the post-combustion temperature exceeds the threshold temperature at which 
unacceptable levels of NOx are formed. 

15 

SUMMARY OF THE INVENTION 

The primary objective of this invention is to create a two-stroke engine operating cycle 
specifically designed to directly lower the post-combustion temperature in order to reduce the 
level of NOx formed during the combustion process. In addition to reducing the post- 
20 combustion temperatures, the new cycle also extends/prolongs the period in the cycle during 
which combustion occurs, allowing for more complete burning of the fuel charge, which in tum 
reduces CO and HC emissions. 
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The extension of the combustion process reduces the expansion process. To compensate 
for the reduction in the expansion process, the expansion stroke is made greater than the 
compression stroke. The difference in stroke length is then utilized for a scavenging process to 
obtain an advanced two-stroke engine, operating on an over expanded, limited-temperature cycle 
5 that offers the following benefits: 

- Clean burning - reduced NOx, CO and HC; 

- High thermal efficiency resulting from an over expanded cycle; and 

- Licreased mechanical efficiency. 

The expansion stroke of a conventional four-stroke engine can be made longer than the 
10 compression stroke by suitable choice of exhaust valve opening and intake valve closing 
positions relative to the angle of the rotating crank shaft. If the crank angle between the exhaust 
valve opening and bottom dead center (BDC) on the expansion stroke is less than the crank angle 
between BDC and the intake valve closing on the compression stroke, an over expanded cycle is 
obtained. The variance in crank angles results in having a corresponding portion of the 
15 compression stroke canceling a portion of the intake stroke. Such canceling can potentially 
result in wasted piston motion, which would cause a reduction of the engine volumetric 
efficiency and generate engine fiiction losses. To utilize such wasted piston motion for exhaust 
and scavenging processes, it is desirable to create a two-stroke engine operating on an over 
expanded, limited-temperature cycle. 
20 Accordingly, it is an object of the invention to enable a two-stroke engine cycle that 

avoids the disadvantages of the prior art. 

Another objective is to create a two-stroke engine operating on an improved engine cycle. 
It is another object of the invention to provide a two-stroke engine that significantly 
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reduces NOx emissions without EGR or after treatment. 

It is a further object of the invention to provide a two-stroke engine having reduced CO 
and HC emissions without after treatment. 

In accordance with the above objects, the invention overcomes the Umitations of existing 
5 internal combustion engines and provides a method and an engine for promoting limited- 
temperature combustion. The invention also provides for prolonging the time during which fiiel 
is bumed during a combustion process, thereby improving overall combustion efficiency. The 
invention limits the firing pressure to be equal to or less than the compression pressure, thereby 
reducing major pollutant formation mechanisms. 

10 To this end, one aspect of the present invention discloses a method for combusting fiiel in 

an engine involving decreasing a first volume of gas to a second volume in a compressor, then 
continuing to decrease the second volume to a third volume while increasing the pressure and 
temperature of that volume of gas (a compression process having a chosen compression ratio), 
then increasing the third volume to a fourth volume at constant pressure while adding heat until a 

15 predetermined temperature is obtained, increasing the fourth volume of gas to a fifth volume 
while adding the amount of heat necessary to maintain the predetermined temperature, increasing 
the fifth volume to a sixth volume (an expansion process having a chosen expansion ratio 
selected to be much greater than the compression ratio), decreasing the pressure to atmospheric 
pressure while removing heat under constant volume, and finally, decreasing the volume of gas 

20 to the first volume while removing heat under constant pressure to complete an over expanded, 
limited-temperature cycle. Another aspect of the invention encompasses an advanced two-stroke 
engine operating on the newly created over expanded, limited-temperature cycle. 
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The various features of novelty that characterize the invention will be pointed out with 
particularity in the claims of this apphcation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other features, aspects, and advantages of the present invention are 
5 considered in more detail, in relation to the following description of embodiments thereof shown 
in the accompanying drawings, in which: 

Fig. 1 shows a schematic view of an over expanded, limited-temperature cycle two-stroke 
engine according to the present invention. 

Fig. 2 illustrates a P-V diagram of an over expanded, limited-temperature cycle. 
10 Fig. 3 shows the two-stroke engine intake and exhaust valves open and closing timings 

and corresponding cycle processes. 

DETAILED DESCRIPTION OF THE INVENTION 

The invention summarized above and defined by the enumerated claims may be better 
15 understood by referring to the following description, which should be read in conjunction with 
the accompanying drawings in which like reference numbers are used for like parts. This 
description of an embodiment, set out below to enable one to build and use an implementation of 
the invention, is not intended to limit the enumerated claims, but to serve as a particular example 
thereof Those skilled in the art should appreciate that they may readily use the conception and 
20 specific embodiments disclosed as a basis for modifying or designing other methods and systems 
for carrying out the same purposes of the present invention. Those skilled in the art should also 
realize that such equivalent assemblies do not depart from the spirit and scope of the invention in 
its broadest form. 
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The invention enabled herein provides a method and an engine for promoting limited- 
temperature combustion. The method achieves limited-temperature combustion in sequential 
stages, a first stage imder constant pressure to reach a predetermined limiting temperature, and 
then a second stage under the constant limiting temperature. In the first stage of the two-stage 
5 combustion process, combustion occurs under the final compression pressure to reach a 
temperature just below the threshold temperature at which xmacceptable levels of NOx formation 
occurs. In the second stage, combustion occurs at a rate that maintains the temperature below the 
limiting threshold temperature. By injecting fiiel at a rate that maintains the temperature below 
the threshold temperature (reached during the first part of combustion), the combustion pressure 

10 is equal to or less than the compression pressure. Since there is no pressure rise due to additional 
post-burning compression, the combustion temperature of the burned gases does not rise above 
the limiting temperature. Thus, the post-combustion temperature of the bumed gases is below 
the predetermined temperature selected to prevent unacceptable levels of NOx formation and 
NOx emissions are reduced. 

15 The combustion process portion of the present invention is further described in US Patent 

No. 6,481,206 Bl, the description of which is incorporated herein by reference. However, the 
remaining part of the present invention differs firom Patent No. 6,481,206 Bl. Instead of 
compounding a limited-temperature cycle with a Lenoir cycle to obtain a compound cycle that, 
in one embodiment thereof, utilizes the exhaust gas to drive a low-pressure gas turbine, the 

20 present invention enables a two-stroke engine having an expansion ratio much larger than the 
compression ratio to achieve high fuel efficiency and power density without the need of a low- 
pressure gas turbine. 
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Referring now to the drawings, Figure 1 shows a two-stroke engine, indicated generally 
as 10. Engine 10 comprises at least one cylinder 12 containing a piston 14 connected to a 
crankshaft 16 by means of a connector rod 18. At the top of cylinder 12 are an intake valve 20 
and an exhaust valve 23. The intake valve 20 provides air to cylinder 12 that comes from the 
5 atmosphere by way of a compressor 25. A fuel injector 28 provides fuel to cylinder 12 at an 
appropriate time during the engine cycle. 

In Figure 2, a P-V diagram of an over expanded, limited-temperature cycle is shown. 
The cycle starts at point 1 with air at ambient temperature and pressure. From point 1 to point 2, 
a first compression process takes place to reduce the volume of air to V2 and increase the 

10 pressure to P2. P2 reflects the scavenging pressure, produced by compressor 25 depicted in 
Figure 1. A second compression process takes place from point 2 to point 3 by reducing the 
volume in cylinder 12. The process 1-2-3 is a two-stage compression process having a chosen 
compression ratio (with an appropriate cylinder clearance volume V3). The desired compression 
ratio is obtained by selecting an appropriate value for volume V3 relative to Vi. From point 3 to 

15 point 4, heat is added under constant compression pressure. The amount of heat added is limited 
to ensure that the temperature does not exceed the predetermined limiting temperature. From 
point 4 to point 5, more heat is added under the constant limiting temperature. From point 5 to 
point 6, an expansion process takes place having a chosen expansion ratio (by having sufficiently 
large total cylinder volume Ve relative to the clearance volume V3). From point 6 to point 7, a 

20 blow down process removes heat xmder constant volume. From point 7 to point 1, heat is 
removed under constant pressure to complete the cycle. 

From point 3 to point 4, pressure P is equal to P3. Temperature T and heat Q are 
computed by the following equations: 
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T = Ta X VA^3 for constant pressure 

Q = (T-T3) X Cp = T3 X [(VA^3)-1] X Cp 

where Cp is the specific heat of constant pressure in Btu/lbm. 



(1) 
(2) 



5 At point 4, a limiting temperature T* is reached. T* is the predetermined temperature 

selected to ensure that NOx formation does not exceed acceptable levels. From point 4 to point 
5, the adiabatic expansion temperature is calculated as 

T = T*x(V4A^)*''^ (3) 



10 To prevent the constant limiting temperature T* firom dropping, additional heat must be 

added. The amount of heat Q is calculated as 

Q = (T*-T) X Cv = T* X [l-(V4A^f x Cv (4) 
where Cv is the specific heat of constant volume, and k = Cp/Cv 
P = P4 x V4A^ for constant limiting temperature T* 
15 From Equations (2) and (4), Qa^ and Q4.5 are computed as functions of V and the 

required fiiel injection rate as a function of cylinder volume V is derived. 

The amount of heat addition imder constant compression pressure is limited to no more 
than the amount of heat to reach just below the threshold temperature T* of unacceptable NOx 
formation. There is no pressure rise during the limited temperature combustion process and, 
20 therefore, no bumed gas is compressed to a higher temperature. The combustion temperature 
distribution of well-mixed fuel and air depends on the local fuel-air mixture ratios only. 
Therefore, combustion under limited temperature has characteristics similar to constant volume 
autoignition combustion where no bumed gas is compressed to a higher temperature after 
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burning. However, for the same combustion temperature, 40% more heat is released for 
combustion imder constant pressure than autoignition combustion under constant volume 
because the specific heat of constant pressure is 40% larger than the specific heat of constant 
volume. 

The P-V diagram of Figure 2 clearly shows that the volume expansion from point 3 to 
point 6 is much larger than the volxmie compression fi-om point 1 to point 3. This fact indicates 
that the two-stroke engine 10 shown in Figure 1 is the right engine to operate on the over 
expanded, limited-temperature cycle with the first stage compression process 1-2 being done by 
a scavenging compressor 25. 

The opening and closing timing of the intake valve 20 and exhaust valve 23 is shown in 
Figure 3. At point "a" top dead center (TDC), both fuel injection/combustion and expansion 
processes begin simultaneously. Fuel injection/combustion ends at point "b". The expansion 
process continues to point "c" where exhaust valve 23 opens slightly before the piston 14 reaches 
bottom dead center (BDC) to begin a blow down process (6-7 in Figure 2). An exhaust process 
begins at point "c" and ends at point "e" where the exhaust valve 23 closes. The intake valve 20 
opens at point "d" and closes at point "f Since both intake valve 20 and exhaust valve 23 are 
open for a period of time, a scavenging process takes place between point "d" and point "e". 
When the exhaust valve 23 closes at point "e", scavenging air with pressure P2 is trapped within 
the cylinder. When the intake valve 20 closes at point , the second part of the compression 
process (2-3 in Figure 2) takes place. Foxu* processes, namely, combustion (a-b), expansion (a-b- 
c), exhaust (c-e) together with scavenging (d-e), and compression (f-a), indicated by I, II, HI, and 
IV in Figure 3 are the cycle events of the two-stroke engine 10. 



Page 9 of 21 



Air compressor 25 sucks atmosphere air in and provides compressed scavenging air to 
the engine intake manifold. Starting from BDC, when the engine piston 14 has covered a portion 
of an exhaust stroke, the intake valve 20 opens at point "d" to admit compressed air to scavenge 
the cylinder 12 helping the piston 14 to expel exhaust gases out through the exhaust valve 23. 
5 The exhaust valve 23 closes first at point "e" before the intake valve 20 closes at point "f to 
begin the second part of the compression process. When the piston reaches TDC, fuel 
injection/combustion takes place under the constant compression pressure. An expansion 
process begins simultaneously with the combustion process and continues until the exhaust valve 
opens just before the piston reaches BDC to begin a blow down process and the ensuing exhaust 

10 stroke follows. After the piston has covered more than one-half of the stroke, the scavenging 
process takes place when the intake valve opens. The cycle repeats when the intake valve closes 
again following the closing of the exhaust valve. As shown in Figures 2 and 3, the expansion 
stroke is much longer than the compression stroke. The ratio between the expansion stroke and 
compression stroke lengths is chosen as a compromise between higher cycle thermal efficiency 

15 and lower engine frictional losses. 

During the blow-down process, cylinder pressure drops to atmospheric pressure and more 
than one-half of the exhaust gas exits through the opened exhaust valve. During the exhaust 
process, a large portion of the remaining exhaust gas exits through the open exhaust valve. 
When the intake valve opens, additional exhaust gas is expelled from the cylinder. The 

20 remaining exhaust gas within the cylinder becomes recycled in the next cycle. Therefore, the 
two-stroke engine operating on an over expanded cycle, as described herein, can achieve high 
power density and fiiel efficiency with minimal emissions. Furthermore, such two-stroke engine 
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can achieve high cycle efficiency without high maximum cycle pressure and temperature. This, 
in tum, allows for reduced engine emissions and engine friction and heat losses. 

For a constant pressure combustion process of well-mixed fiiel and air, bumed gases are 
not compressed to a higher temperature because there is no combustion pressure rise. Therefore, 
5 when combustion temperature is limited to below a predetermined temperature selected to 
prevent NOx formation at unacceptable levels, local temperatures will not vary significantly 
from the predetermined limiting temperature. NOx formation can be significantly reduced by 
selecting a sufficiently low limiting temperature. Furthermore, under a constant pressure 
combustion process, there is no increase in pressure that would force unbumed fiiel-air mixture 
10 into cylinder crevices, which would escape burning thereby creating HC emissions. As a result, 
HC pollutants are also minimized under an over expanded constant-pressure cycle as described 
herein. 

A supercharged four-stroke CI engine can be retrofitted to create a two-stroke over 
expanded constant-pressure, temperature limited cycle CI engine by modifying the camshaft to 
15 obtain the required timing for both intake and exhaust valves and the fiiel injection system to 
achieve a limited temperature combustion process. The supercharger fimctions as a scavenging 
compressor. 

The following are examples of air cycle analysis of an over expanded, Umited- 
temperature cycle for assessing the performance of the two-stroke engine disclosed herein. 
20 Case 1. T* = 3600 R (2000 K) overall compression ratio = 16, and V5 = V4 

Starting from point 1, air for combustion enters the compressor 25 in Figure 1 at 
atmospheric pressure. Assume Vi = 15.6, Pi = 14.7, and Ti = 560. Process 1-2 is a compression 
process (by air compressor 25 having a pressure ratio of 1.5 for discussion purpose), therefore, P2 
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= 22.05, T2 = 628.8, and V2 = 11.7. At point 3, V3 = 0.975 resulting from an overall 
compression ratio of 16, then P3 = 713, and T3 = 1698. At point 4, with P4 = P3, T4 = T* = 3600, 
V4 = V3T4/T3 = 2.07 and Q3^ = 456.5 by Equation (2). Point 4 to point 6 represents an 
expansion process. At point 6, assuming Ve = 23.4, the expansion ratio = 23.4/2.07 = 11.3. 
Thus, P6 = 23.9 and Tg = 1365. At point 7, P7 = 14.7, V7 = 23.4, T7 = 840, Qe-j = -89.8, and Q7-1 
= -67.2. The total heat removal = 157 Btu/lbm, resulting in an Efficiency = (456.5-157)/456.5 = 
66%. For the same pressure ratio, the corresponding gas turbine cycle efficiency is 67%. When 
Q3^ is less than 456.5 Btu/lbm, the cycle efficiency will approach the gas turbine efficiency of 
67%. 

Case 2. Same as Case 1 with T* = 3600 R and V5 = 4 

At point 5, V5 = 4, P5 = P4V4/V5 = 369 (constant temperature) T5 = T4(y4fVsf'^ = 2766, 
and Q4.5 = (3600-2766)0.171 = 142.6 Btu/lbm. From point 5 to point 6 is an expansion process 
with an expansion ratio of 23.4/4 = 5.85. At point 6, Pe = 31.1, Te = 1776. At point 7, P7 = 14.7, 
V7 = 23.4, and T7 = 839, Q6-7 = -160.2, and Q7.1 = -67. The total heat addition = 599.1 Btu/lbm 
and total heat removal = 227.2 Btu/lbm. Therefore, the cycle efficiency = 62%. 

Assume <j) = 1.0, Q = 1280 Btu/lbm. Case 1 shows that for (|> = 0.36 and T* = 2000 K, 
efficiency = 66%. Case 2 shows that when (|> is increased from 0.36 to 0.47, efficiency drops 
from 66% to 62%. Therefore, T* should be as close as possible to the threshold temperature of 
increased NOx formation. Cycle efficiency approaches 67% for ^ being less than 0.36. These 
results show that it is possible to significantly reduce NOx formation within the range of 
practical engine output. 
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The above analysis is for illustration only. There are many items to be chosen, such as 
the predetermined limiting temperature, the scavenging air pressure and scavenging duration, the 
compression ratio, and the expansion ratio. The best combination of these items is a compromise 
among fuel efficiency, engine emissions, and power density. 

For comparison, the following thermodynamic analysis example is calculated for a 
limited-pressure cycle with the same Q and compression ratio as Case 2 and a maximum cycle 
pressure of 1000 psia. At point 1, Vi = 15.6, Pi = 14.7, and Ti = 560. For a compression ratio of 
16, P2 = 713, T2 = 1698, and V2 = 0.975. At point 3, P3 = 1000, V3 = 0.975, and T3 = 2381, and 
Q2.3 = 116.9. Q3.3a = 599.1-116.9 = 482.2. At point 3a, T3a = 2381+482.2/0.24 = 4390, P3a = 
1000, and V3a = ViT^s^/Ts = 1.8. From point 3a to point 4 is an expansion process with an 
expansion ratio of ViA^3a = 8.67. At point 4, V4 = Vi = 15.6, P4 = 34.7, T4 = 1850. Q4.1 = (560- 
1850)0.171 =-220.6. Efficiency = 63%. 

Comparing a four-stroke engine operating on limited-pressure cycle with a two-stroke 
engine operating on an over expanded, limited-temperature cycle, the cycle efficiencies are about 
the same at high loading. However, the differences in maximum pressure, temperature, and 
power density are significantly different. The four-stroke engine has a maximum pressure of 
1000 psia and a maximum temperature of 4390 R, while the two-stroke engine has a maximum 
pressure of 713 psia and a maximum temperature of 3600 R. The mean effective pressure ratio 
between these two engines is equal to (15.6-0.975)/(23.4-0.975) = 0.68. The power density ratio 
is equal to 0.68 x 2 = 1.36. When the differences in maximum pressures and temperature are 
taken into consideration, the power density ratio would be much larger. A key difference 
between these two engines is the fact that the two-stroke engine can meet the emissions 
requirements without EGR or after treatment while the four-stroke engine cannot. Throughout a 
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large range of engine output, the two-stroke engine has extremely high brake efficiency and very 
low emission levels, thus reducing the need for development and manufacturing of hybrid 
vehicles. 

Because the compression pressure of the two-stroke engine described herein is the 
5 maximum cycle pressure, a low-pressure fuel injector can be used to reduce engine 
manufacturing cost as well as to facilitate the use of flexible fuels without concem for excessive 
leakage in the low-pressure fuel injection pump. Fuel injection into low-density gas can achieve 
atomization and penetration without a fiiel rich spray core where particulates are formed, and 
thus reduce particulate formation. With very low combustion pressure and temperature, an 
10 engine's useful life can be greatly prolonged. Such low combustion temperature greatly reduces 
engine heat losses, which leads to further reduction of specific fuel consumption. The new 
engine described herein has many of the features of a perfect engine with appHcation for air, 
land, and sea transportation uses as well as for stationary electricity generation power plants. 

Significantly, the new engine can be immediately built with available technologies and 
15 engine parts. Specific compression and expansion ratios can be obtained by varying the intake 
valve and exhaust valve opening and closing timing. With valve open and closing timings 
shown in Figure 3, fiiel injection/combustion rate can be derived fi-om Q^^ and Q4.5 curves 
computed by Equations (2) and (4) respectively. An indicator diagram is taken when the engine 
is running and a heat release curve can be computed fi-om the pressure curve. The computed heat 
20 release curve is compared with the computed Q curve. From this comparison, the fixel 
injection/combustion rate can be modified until desired results are obtained. Such engine 
comparison can be performed for the desired range of ^ values. 
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The invention has been described with references to a preferred embodiment. While 
specific values, relationships, materials and steps have been set forth for purposes of describing 
concepts of the invention, it will be appreciated by persons skilled in the art that numerous 
variations and/or modifications may be made to the invention as shown in the specific 

5 embodiments without departing fi-om the spirit or scope of the basic concepts and operating 
principles of the invention as broadly described. It should be recognized that, in the hght of the 
above teachings, those skilled in the art can modify those specifics without departing fi-om the 
invention taught herein. Having now fiiUy set forth the preferred embodiments and certain 
modifications of the concept underlying the present invention, various other embodiments as 

10 well as certain variations and modifications of the embodiments herein shown and described will 
obviously occur to those skilled in the art upon becoming familiar with said underlying concept. 
It is my intention to include all such modifications, altematives and other embodiments insofar 
as they come within the scope of the appended claims or equivalents thereof. It should be 
imderstood, therefore, that the invention may be practiced otherwise than as specifically set forth 

15 herein. Consequently, the present embodiments are to be considered in all respects as illustrative 
and not restrictive. 
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